Abstract: the Pseudomonas sp. Sp0113 strain from a partially closed aquatic environment was identified as a plant growth promoting bacterium (pGpb). laboratory tests revealed that pS0113 has multiple plant growth promoting traits, including mineral phosphate solubilizing ability, ammonifying ability that increases nitrogen availability for plants via the root system, and phosphatase activity that plays an important role in organic phosphorus mineralization. tricalcium phosphate (ca 3 (po 4 ) 2 ) solubilizing ability was described as average (2-3 mm) after 7 days of incubation and as high (>3 mm) after 14 days of incubation. the analyzed bacterium was an antagonist of major crop pathogenic fungi. a high degree of pathogen growth inhibition was reported with regard to Rhizoctonia solani (38%), whereas the tested strain's ability to inhibit the growth of fungi of the genera Fusarium and Microdochium nivalis was somewhat lower at 20-29%. the bacterium proliferated in roundup 360 Sl solutions with concentrations of 0.1, 1 and 10 mg·ml -1 .
INTRODUCTION
Soil is the habitat of bacteria and other organisms that establish close relationships and participate in the process of producing food for humans and animals. the functioning of agricultural ecosystems is influenced by numerous factors, including weather conditions, the physical properties and microbiological composition of soil, the use of agricultural chemicals, crop rotation schemes, presence of crop pathogens, pests and weeds, resistance to adverse biotic and abiotic factors (allen et al., 2009; doran and Zeiss, 2000; Fierer et al., 2007; Garbeva et al., 2008; hinsinger et al., 2009) .
crop protection in the early stages of plant growth is one of the most important factors that determine field emergence, healthy plant development and, consequently, the quality of the resulting agricultural produce. biological control is an environmentally friendly method of plant protection, and the use of microbes improves yield and plant health (Figueiredo et al., 2010) .
bacteria that enhance plant growth and yield are referred to as plant growth promoting bacteria (pGpb) or plant growth promoting rhizobacteria (pGpr). they can produce phytohormones, increase seed vigor, improve field emergence, increase the availability of soil nutrients, enhance plant resistance to abiotic stress and induce defense mechanisms against biotic stress. beneficial microorganisms can establish symbiotic relationships with the root system by colonizing the rhizosphere or the rhizoplane, but some of them can live in the soil environment without forming symbiotic associations with plants. pGpb exert positive effects on plant health and crop yield, and they can be used in biological crop protection (ahemad and Kibret, 2014; autoun and Kleopper, 2001; beneduzi et al., 2012; chen et al., 2006; cummings, 2009; czaban et al., 2007; Figueiredo et al., 2010; yang et al., 2009; Mendes et al., 2012) . among the various bacterial genera possessing traits characteristic of pGpr and which include Bacillus, Pseudomonas, Azotobacter, Azospirillum, Acinetobacter, Enterobacter, Rhizobium and Bradyrhizobium (rodríguez and Fraga, 1999; Vessey, 2003) , the γ-proteobacteria deserve special attention. Members of this microbial class are highly effective in preventing phytopathogens from colonizing root systems. Much of the research into γ-proteobacteria has been dedicated to bacteria of the genus Pseudomonas, which possess a high potential for fixing nitrogen, solubilizing phosphate, inhibiting the development of phytopathogens, producing phytohormones and colonizing root systems (botelho and Mendonça-hagler, 2006; das et al., 2003; thakker et al., 2013; yu et al., 2011) .
Soil enzymatic activity reflects the overall activity of soil-dwelling microorganisms. enzyme activities can be used as indicators of soil fertility and agrobiocenotic balance, reflecting the yield potential of crops. the major enzymes produced by bacteria are dehydrogenases, phosphatases, urease, catalase, proteases and cellulases. an important role is played by nitrifying, ammonifying and nitrogenfixing bacteria, which are responsible for making nitrogen available to plants and reducing external nitrogen supply. cultivation practices and the use of fertilizers and crop protection chemicals disturb the soil equilibrium. impoverishment of soil microbial communities decreases enzyme activity, impairs nutrient absorption by roots, decreases resistance to pathogens and lowers soil quality (barabasz et al., 2002; cummings, 2009; Fernandez et. al., 2009; das et al., 2011; duke et al., 2012) . the aim of this study was to determine whether bacteria isolated from non-agricultural environments can promote plant growth and development, and contribute to improving soil conditions. the Pseudomonas sp. Sp0113 strain was analyzed to evaluate its adaptability to adverse environmental conditions, including low 
MATERIALS AND METHODS

Materials
the tested strain was isolated from samples of potable water collected from a closed water well. the well is situated in northeastern poland, and it is partially closed off from external influences. the strain was isolated by the serial dilution method, and it was incubated on pseudomonas-Selective agar (pSa, MercK, Germany) at 28°c for 24 h. the isolated strain was fixed in a 2:3 mixture of glycerol and tryptic Soy broth (tSb, MercK, Germany) and stored at -86°c for further analysis.
Phenotypic characteristics of the strain
bacterial growth potential was estimated in cultures incubated at 28, 22, 10 and 4°c on tryptic Soy agar (tSa, MercK, Germany) for 24 h (table 1) . the resulting colony was visually compared at the tested temperature against the optimal temperature of 28°c. the experiment was performed in two replications.
the phenotypic traits of the evaluated strain were determined with the use of api ® 20ne and api ® ZyM tests (biomerieux, France) that were performed in accordance with the manufacturer's instructions. both tests were incubated at 28°c. api ® 20ne was incubated for 24 h, and api ® ZyM for 4 h 30 min. bacteria were also identified by Gram staining. the bacterium's ability to convert organic nitrogen to ammonia nitrogen was determined by adding 1 ml of nessler's reagent to the 48-h bacterial culture in 1 ml of peptone water. brown staining relative to control (peptone water) was a positive result. the experiment was conducted in two replications. the bacterium's tcp solubilizing ability was determined by the disc diffusion test on the nbrib (national botanical research institute's phosphate growth) medium (nautiyal, 1999) . 10 μl of the bacterial suspension with the concentration of 5·10
8 cells was applied to a sterile filter-paper disc. bacteria were cultured at 28°c for 14 days. the zones of clearance around the discs were measured after 3, 5, 7 and 14 days. the experiment was performed in five replications.
DNA extraction from pure bacterial culture
Genetic material was isolated by the method proposed by el-lathy et al. (2009) with modifications. an overnight bacterial culture in 1.5-ml test tubes containing 1 ml of tSb was centrifuged (6 000 rpm, 10 min), the supernatant was removed, and 300 μl of te buffer (1 M tris ph 8, 0.5 M edta ph 8) containing proteinase K (0.2 mg·ml -1 ) was added to the pellet. the sample was incubated at 37°c for 1 h and then at 90°c for 10 min. the lysate was left to stand at room temperature for 1 h, and then centrifuged (12000 rpm, 10 min). the supernatant was transferred to a clean test tube, and the quality of genetic material was determined in a photometer (biophotometer plus, eppendorf, Germany) before further analyses.
PCR amplification
the isolate was identified as belonging to the genus Pseudomonas by pcr amplification (ps-pcr) with the use of ps-for (5'-GGtctGaGaGGatGatcaGt-3') and ps-rev (5'-ttaGctccacctcGcGGc-3') primers (Widmer et al., 1998) . (Genomed, poland) , 4 µl of lysate containing dna, and 1 U of run dna polymerase (a&a biotechnology, poland). the reaction began with initial denaturation at 95°c for 3 min, incubation at 80°c during which polymerase was added, followed by 40 cycles: denaturation at 94°c for 1 min, primer annealing at 65°c for 1 min, and elongation at 72°c for 1 min. Final elongation was carried out at 72°c for 10 min.
the reaction was carried out in the Mastercycler ® Gradient thermal cycler (eppendorf, Germany). the expected pcr products (approximately 990 kbp) were separated in 1.2% agarose gel in 1 X tris-acetate-edta buffer (tae) at 100 V for 1 h.
The strain's antagonistic potential against phytopathogenic fungi
Mycelial growth inhibition was evaluated in the dual culture plate assay on pda (a&a biotechnology, poland). bacterial concentrations were determined spectrophotometrically (600 nm) at 5·10 8 cfu·ml -1 , and 10 μl of the suspension were applied to the opposite edges of the plate (3 cm from the center), and a 5 mm disc with the mycelium was placed in the center. Sterile distilled water was the control. the plates were incubated at 28°c for 5 days. the bacterium's antagonistic potential against Fusarium culmorum, F. graminearum, F. oxysporum, Monographella nivalis and Rhizoctonia solani was determined.
Evaluation of the strain's sensitivity to glyphosate in the Roundup 360 SL herbicide liquid mineral salt medium (MSM) containing 2.2 g of na 2 hpo 4 , 1.4 g of Kh 2 po 4 , 0.6 g of MgSo 4 ·7h 2 o, 0.01 g of FeSo 4 ·7h 2 o, 0.05 g of nacl, 0.02 g of cacl 2 , 0.02 g of yeast extract, 1.0 g of glucose in 1 l of water, with the ph of 7.0 ± 0.2, was used. the medium was sterilized and combined with a filter-sterilized 20% glucose solution. the medium was used to prepare dilutions of the roundup 360 Sl herbicide (MSM-glyphosate) to obtain initial glyphosate concentrations of 10, 1 and 0.1 mg·ml -1 . one ml of concentrated bacterial suspension (final od 600 in control a=0.7) was added to 250 ml erlenmeyer flasks containing 99 ml of MSM-glyphosate. the flasks were shaken at 180 rpm for 48 h. optical density was measured immediately after inoculation of the MSM-glyphosate medium and after every 12 h in 100 ml samples collected from each experimental variant. Measurements were performed in a biological spectrophotometer (biophotometer plus, eppendorf, Germany). bacteria were exposed to the herbicide in two replications, and optical density was measured twice in each replication. MSM without roundup 360 Sl, diluted with sterile demineralized water, was the control.
Calculations
tcp solubilizing ability was determined based on the size of clearance zones, and was evaluated according to the following scale: lack of ability (no zone), weak (<1 mm), average (1-3 mm) and strong (>3 mm). the results for each of the three analyzed zones were averaged and presented in the range of 0.0 (no effect) to 3.0 (strong effect). the strain's antagonistic potential against pathogenic fungi was calculated according to the formula proposed by ashwini and Srividya (2013): % inhibition = [1-(mycelial growth in the presence of bacteria mycelial growth in control -1 )]·100. data were processed by anoVa in the Statistica 10 application. the results were presented in graphical form in Sigmaplot 12 software.
RESULTS
Morphological characteristics
the strain was identified by ps-pcr as Pseudomonas sp. it was labeled as Pseudomonas sp. Sp0113 (Fig. 1a.) . according to the results of the api ® 20ne test, there was a high probability that the isolate belonged to the species of Pseudomonas luteola (formerly Chryseomonas luteola). a morphological analysis of colony growth revealed differences that were determined by temperature and incubation time. bacteria formed circular colonies with a convex surface (table 1, Fig. 1b.) . the highest colony growth rate was noted at 28°c. the average colony size was estimated at 3 mm. young colonies were colorless or milky white. after 24 h of incubation at 28°c, colonies became creamy white, and after 48 h, they turned yellow. incubation at lower temperatures decreased colony staining intensity. at 22°c and 10°c, the colonies were smaller (approximately 2 mm in diameter), translucent or milky white. at 4°c, translucent colonies were 1-2 mm in diameter, and their counts were lower than those noted at the remaining temperatures.
Biochemical characteristics
basic catalase and oxidase tests produced positive results (Fig. 1c., 1d.) , and the Gram staining produced a negative result, which is characteristic of pGpb of the genus Pseudomonas (nathan et al., 2013) . biochemical tests revealed the activity of alkaline phosphatase, acid phosphatase and other enzymes metabolizing phosphorus compounds, indicating that the analyzed bacterium enhanced the availability of organic phosphorus for plant roots (caldwell, 2005) . the process can take place in acidic soils and in soils where liming leads to a periodic increase in ph. the analyzed strain was able to degrade and assimilate several substrates. it demonstrated esterase, acrylamidase, phosphohydrolase, β-galactosidase, β-glucosidase and dihydrolase activity, and it was characterized by denitrifying and glucose fermenting abilities (table 2). due to its broad enzymatic activity and assimilation efficiency, the analyzed strain can use substrates from various sources and survive in diverse habitats, which makes it an effective competitor of plant pathogens.
Denitrifying and TCP solubilizing abilities
the bacterium reduced nitrates to nitrites and converted organic nitrogen into ammonia nitrogen, a form of nitrogen that is most readily available to the roots (table 2, Fig. 2.) . denitrification, aminization and ammonification are positive processes that make nitrogen compounds available for plant uptake via the root system. the analyzed strain produced organic acids that increased the availability of mineral sources of phosphorus, such as calcium phosphate ca 3 (po 4 ) 2 (Fig. 2.) . the bacterium's tcp solubilizing ability increased steadily from an average level on incubation day 3 to a high level on day 14 (Fig. 3.) .
Antagonism against pathogenic fungi
the analyzed strain inhibited the growth of all five tested species of phytopathogenic fungi. it exerted the highest inhibitory effect on Rhizoctonia solani (by about 38%). the growth of the remaining fungi was inhibited by 20-29% (Fig. 4.) .
Bacterial proliferation in an environment containing glyphosate
the Pseudomonas sp. Sp0113 strain responded to glyphosate exposure by increasing bacterial bio-mass. the greatest increase was noted after the first 12 h of incubation. the greatest amount of biomass, which was higher than in control, was produced in response to the glyphosate dose of 0.1 mg·ml -1 , whereas the increase in the number of bacterial cells under exposure to the glyphosate dose of 1 mg·ml -1 was comparable to control. the highest glyphosate concentrations inhibited bacterial proliferation already after the application of the suspension at the beginning of the experiment, but a similarly high increase in biomass was observed. the decrease in the bacterial growth rate in response to the highest glyphosate dose could be attributed to a lower ph than in the remaining treatments due to higher herbicide concentrations (Fig. 5.) .
DISCUSSION
numerous representatives of the genus Pseudomonas and other rod-shaped bacteria are non-pathogenic rhizobacteria, many of which are phosphorescent, whereas isolates of species such as Pseudomonas fluorescens, P. putida, P. aeruginosa, P. aureofaciens, P. stutzeri and P. chlororaphis are capable of inhibiting the growth of soil-borne pathogens (botelho and Mendonça-hagler, 2006; Jan et al., 2011) . the most widespread bacterial mechanisms responsible for the inhibition of pathogen proliferation include the ability to colonize the root zone, production of antibiotics and enzymes that degrade pathogen cell walls, production of siderophores and hydrogen cyanide (ahemad and Kibret, 2014; Jan et al., 2011; Shen et al., 2013) . a wheat (Triticum spp.) inoculation study revealed that the aXMp7 strain of P. putida exerted positive effects on plants by producing stress-inhibiting enzymes, including catalase, ascorbate peroxidase (apX) and superoxide dismutase (Sod) (ali et al., 2011) . Pseudomonas sp. Sp0113 was able to catalyze the decomposition of h 2 o 2 and, consequently, produce catalase, which inhibits the production of reactive oxygen species in plants in response to environmental stressors. nutrient availability is a key determinant of yield potential and quality. Soil-dwelling microorganisms contribute to nutrient availability and element cycling in the ecosystem, organic matter decomposition, oxidation and reduction processes, solubilization of substances that are not readily available to plants, and storage of biogenic elements (cummings, 2009; Motavalli et al., 2004; rodríguez and Fraga, 1999) . nitrogen plays the key role in yield formation. pGpb that participate in nitrogen metabolism and fixation have a beneficial influence on plant growth. Soil-dwelling ammonifying bacteria convert organic nitrogen into ammonia nitrogen that is readily taken up by plants via the root system (cummings, 2009; Witte, 2011) . phosphorus also plays a very important role in plant growth, yield formation and resistance to stress. it is a component of genetic material and an energy carrier in living organisms. phosphorus concentrations in soil vary, subject to naturally occurring nutrient levels, and phosphorus often occurs in soil in water-insoluble, mineral form (Schachtman et al. 1998) . Soil-dwelling bacteria produce organic acids that solubilize immobilized mineral phosphorus and make it available to the roots. the following genera of phosphate solubilizing bacteria occur in nature: Pseudomonas, Bacillus, Rhizobium, Burkholderia, Achromobacter, Agrobacterium, Microccocus, Aereobacter, Flavobacterium, Erwinia and Arthrobacter. phosphatase-producing bacteria also release phosphorus from organic compounds (caldwell, 2005; chen et al., 2006; Šarapatka, 2003; rodríguez and Fraga, 1999) . the pGpr strain analyzed in this study has denitrification and ammonifying abilities that enhance nitrogen cycling and facilitate nitrogen uptake by plants via the root system. the evaluated strain also produced organic acids when cultured on a medium containing calcium triphosphate (ca 3 (po 4 ) 2 ), which suggests that it is capable of solubilizing immobilized phosphorus. the observed activity of acid phosphatase, alkaline phosphatase and other enzymes participating in phosphorus metabolism indicates that the tested strain has the ability to convert organic phosphorus into plant-available phosphorus that is assimilated by the root system. like other species of the genus Pseudomonas, the evaluated strain inhibited the growth of plant pathogens of the genera Fusarium and Rhizoctonia, which makes it a suitable candidate for a biological control agent. Fungi of the genera Fusarium and Rhizoctonia cause significant losses in agricultural production. the tested pathogenic species affect cereals and grasses where they cause mainly seedling infections and stem-base diseases. the analyzed strain can be used as a biocontrol agent to effectively prevent the spread of pathogens in organic farms and public green areas where chemical control is not an option. in addition to dangerous Fusarium fungi and Rhizoctonia solani that cause root rot and seedling blight, the tested strain also inhibited the growth of Monographella nivalis, a fungus that infects cereals and grasses under snow cover in early spring (Gilbert and haber, 2013; hudec and Muchová, 2010; pumphrey et al., 1987) . the analyzed strain was capable of growth at temperatures lower than the optimal temperature, even at 4°c. the Sp0113 strain is suitable for biological control and growth enhancement in fall and spring when kernels and young seedlings are susceptible to infections and the negative effects of low temperature.
Pseudomonas sp. Sp0113 is characterized by multiple plant growth promoting traits. those traits have also been observed in non-rhizosphere pGpb. the Pseudomonas sp. oG strain isolated from seawater is capable of solubilizing mineral phosphorus, producing ammonia, iaa, siderophores, hcn and catalase. in a pot experiment, Pseudomonas sp. oG enhanced the growth of chickpeas (Cicer arietinum l.) and mung beans (Vigna radiata) by increasing the size of the aboveground parts of the plant, the roots and plant biomass (thakker et al., 2013) . Furthermore, antifungal antibiotics such as 2,4-diacetylphloroglucinol, phenazines, pyoluteorin and pyrrolnitrin are metabolites produced by Pseudomonas genera (Garbeva et al., 2004; Jošić et al., 2014; ramette et al., 2011) .
Microorganisms are the preferred biological control agents in organic farms. pGpb are also recommended for agricultural systems that rely on phosphonate herbicides, toxic compounds that disrupt the soil balance, contribute to the spread of pathogens and exert negative effects on plant health (duke et al., 2012; Fernandeza et al., 2009 ).
CONCLUSION
non-rhizosphere pGpb can increase plant yield and improve plant health. Further research is needed, in particular under field conditions, to verify the analyzed strain's potential during interactions with plants, environmental conditions and pathogens. the evaluated strain can also be used on farms that rely on phosphonate herbicides to minimize their negative impact on the agricultural ecosystem.
